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INTRODUCTION
Disturbance plays a key role in the determination of species abundance, distribution, and diversity in many terrestrial and marine communities (reviewed in Bazzaz 1983, Sousa 1984, Connell and Keough 1985) . Disturbance is used here to mean any process that removes biomass (Grime 1977) ; biological disturbance refers to the effects of grazing and predation (Dayton 1971 Watanabe 1984) . Because of the prevalence of disturbance, it is clear that habitats which provide refuge from disturbance will have a disproportionately large influence on community structure (e.g., abundance and distribution of species). Thus, our understanding of processes shaping and maintaining community structure will benefit both from the identification of refuges and from the elucidation of their function.
All sampling and experimentation were carried out in situ using SCUBA. Disruptive sampling techniques were used to quantify the species composition of multispecies assemblages living on upper rock surfaces inside and outside Modiolus beds. At each of three depths (8, 18, and 30 m) five 0.25-iM2 quadrat samples were randomly taken inside and outside of mussel beds. All organisms within the quadrat were removed by scraping with a putty knife and simultaneously vacuuming with an airlift. Disruptive sampling was completed within one season in spring 1979. Samples were preserved in 10% buffered formaldehyde and sorted under a dissecting microscope to ensure that small specimens were not overlooked. With the exception of foraminifera and nematodes, all invertebrates were identified to species and counted. All upright algae were identified to species. Crustose coralline and fleshy red crustose algae encrusted mussel shells and rock substrata; they were omitted because the crusts on rock substrata were impossible to sample by the airlift method.
To determine the appropriate quadrat size for sampling, a series of airlift samples of progressively larger sizes were collected from Modiolus beds and analyzed for species richness. The following five quadrat sizes were used: 156, 625, 1600, 2500, and 5000 cm2. Species richness (S, the total number of species) and quadrat area (A, in square centimetres) were related as: S= -11.81 + 10.28 lnA, with r2 = 0.96. A plot of species richness vs. quadrat area revealed that the asymptote occurred between 1600 and 2500 cm2, indicating that each 0.25-iM2 sample was near local species saturation; doubling the quadrat size from 2500 cm2 to 5000 cm2, added only three species (S = 70 at 2500 cm2, S = 73 at 5000 cm2). Consequently, the samples provided an adequate basis for comparisons of species richness between habitats.
Multivariate analysis
Cluster analysis was used to classify species into groups with similar patterns of distribution. Species density data were input as a two-way data matrix consisting of 80 species (rows) x 30 samples (columns) into the CLUSTAN 2.1 computer program (Wishart 1982) . The matrix analyzed was a subset of the original data matrix, which contained 171 invertebrate species. Ninety-one species were excluded from the analysis because they occurred in <3 of the 10 samples at a single depth. Rare species are commonly deleted from large data sets prior to cluster analysis because their co-occurrence is primarily due to chance rather than similar habitat requirements (Boesch 1977:12). Because encrusting bryozoans and macroalgae fragmented during the sampling process, distinct individuals could not be recognized. Therefore, these taxa were excluded from cluster analysis but were included in calculations of species richness. Modiolus was omitted from the analysis to avoid biasing the calculation of group similarities. Densites ranged from 0 to 2164 individuals/0.25 m2. To prevent the loss of information on species distributions, the data were square-root transformed prior to analysis, which reduced the obscuration of the clustering of the less abundant species by the dominant species clusters (Gauch 1982:22) .
The analytical procedure consisted of two steps: (1) product-moment correlation coefficients were calculated to determine the level of similarity among species in the data matrix; (2) a group-average linkage algorithm constructed a dendrogram. In combination, these techniques provided an objective basis for revealing patterns of community structure. Product-moment correlation provides an objective criterion for deciding which clusters are similar. With this technique, coefficients are constrained between -1 (complete dissimilarity) and + 1 (complete similarity). Clusters linked at positive nonzero values are considered similar (Bush 1980, Humphrey et al. 1983 ). Group average linkage minimizes the distortion of relationships in the similarity matrix during the construction of the dendrogram (Boesch 1977:51).
Postclustering statistics identified the common distribution pattern among members of a cluster. For each species, two-way ANOVA was conducted to assess the effect of depth (8, 18, or 30 m) and habitat (inside or outside Modiolus beds) on species density. Means, standard deviations, and significance levels are listed in the Appendix. To eliminate heteroscedasticity, the data were log(x + 1)-transformed before analysis. Fmax tests (Sokal and Rohlf 1969) were nonsignificant for all 80 species, indicating that the assumptions of homoscedasticity had not been violated. Where the interaction of depth and habitat were nonsignificant, differences among depth and habitat means were compared by a Student-Newman-Keuls test (as in Underwood 1981).
Predation experiments
The hypothesis that the Modiolus beds function as a spatial refuge from predation was tested for a selected group of invertebrates by controlled experimentation at the 8 m depth. By definition, a habitat represents a spatial refuge for an organism if its likelihood of death is reduced by the habitat structure (Woodin 1978) . Accordingly, the experiments described below were designed to monitor the mortality rates of invertebrates inside and outside Modiolus beds.
A large steel rack was constructed to hold eight 0.1-m2 plexiglass panels flat against the substratum. Mussel beds were created on half of the panels prior to the experiments by transplanting 10 live M. modiolus to each panel and allowing byssal attachments to form. Thus, there were four panels for each of two treatments: presence or absence of mussel bed structure. Treatment panels were interspersed in a systematic design (Hurlburt 1984). The general experimental procedure consisted of placing equal densities of invertebrate prey in the two treatments and in two 0.5-rM2 predator exclusion cages (controls). Predation attacks were monitored by direct observation and time-lapse photography with a Nikon F2 motor-drive camera equipped with a 250-exposure magazine and an intervalometer. The null hypothesis of no difference in the mortality of experimental prey inside and outside mussel beds was to be rejected if deaths by predation differed between treatments.
Three species of invertebrates (the bivalve Hiatella arctica, and sea urchin Strongylocentrotus droebachiensis, and the ophiuroid Ophiopholis aculeata) were selected as prey because they are abundant inside Modiolus aggregations (Appendix). Data on the population structure of these species were utilized to select a range of naturally occurring sizes and densities for use in the experiments (Witman 1984) . Movement of the prey organisms was restricted so that they remained at position inside or outside of the mussel beds. This was accomplished for Hiatella arctica by gluing small Velcro pads (hooks) to the shells of live individuals and placing them on reciprocal Velcro pads (rugs) on the plexiglass panels. The rugs had been glued to each panel in a random pattern prior to the initiation of the experiment. Eight of the Velcro Hiatella were attached to Velcro rugs on each panel (for a total of 32 Hiatella per treatment). On the mussel bed panels, Velcro Hiatella occupied positions at the base of the aggregation, between the mussels. Two trials were conducted with Hi. arctica prey. The first trial began on 12 August 1982 and was monitored by diving at approximately 4-h intervals for a 29-h period. Trial 2 began on 30 September 1982 and ran for 32 h; predation attacks were monitored by time-lapse photography.
Sea urchins were prevented from leaving the experimental habitat by tethering individual urchins to a central eyebolt in each panel. Five urchins were tethered to each panel by tying fine monofilament around the tests (total: 20 urchins with mussels, 20 without mussels). The size of sea urchins used in the experiments (29 mm mean test diameter) corresponded to the secondary mode of the bimodal size distribution of urchins from Modiolus beds at 8 m (28 mm; Witman 1984 ). An additional eight panels, each with five tethered sea urchins, were placed inside predator exclusion cages as controls. The urchin trial began on 2 October 1982. Rates of predation on Strongylocentrotus were slower than on Hiatella and Ophiopholis, so the survival of sea urchins was monitored by diving at -6-h intervals for 45 h.
Ophiuroids were sewn and tied to small lead sinkers with fine monofilament. The aboral surface of the disc was pierced with a fine needle through the mouth and a knot was tied around the disc. No ophiuroids died as a result of this procedure. An experiment was conducted to test the hypothesis that pierced ophiuroids incurred artifically high predation rates due to the attraction of chemosensory predators. In this experiment, two sets of six sinkers, with four tethered ophiuroids per sinker, were placed on the bottom 6 m apart. One set of ophiuroids were sutured as described above and the other group was tethered by double-tying each ophiuroid with monofilament (which is very laborious). Survival of ophiuroids was monitored by diving. The design of the Ophiopholis experiments differed from the experiments with Hiatella and Strongylocentrotus. Instead of placing prey on panels, tethered ophiuroids were placed inside and outside a natural M. modiolus bed to simulate the natural habitat of Ophiopholis. Six sinkers with four Ophiopholis each were placed between mussels in the mussel bed, and another six sinkers were placed on the substratum (1 m away). The time-lapse camera was focused on the experiment and photographs were taken at 5-min intervals during the two trials. Trial 1 began at night on 6 October 1982 and continued for 8.5 h. In contrast, trial 2 began during the day on 7 October 1982, but was terminated after 6 h due to a northeast storm.
Band transects were used to determine the densities of predators in the vicinity of the 8 m site where the predation refuge experiments were conducted. A 25-m transect line was randomly dropped onto the substratum and all predatory fish and invertebrates within a 1 -m band along the line were counted. To evaluate diel and seasonal variation in predator abundance, three replicate transects were conducted during the day and night in September 1982 and February 1983.
Natural grazing experiment
Multispecies assemblages at the 8 m study site were radically altered when a dense front of large Strongylocentrotus droebachiensis (46.3 mm mean test diameter; maximum density 70 individuals/0.25 i2) advanced into the study area in December 1981 (Witman et al. 1982) . This served as a large natural experiment in which to evaluate the hypothesis that the Modiolus beds provide a refuge from intense grazing by sea urchins. The abundance and distribution of benthic invertebrates and macroalgae had been quantified in April 1979, when this site was a kelp bed. At that time, the kelps Laminaria digitata and Laminaria saccharina formed a canopy above a dense understory of red algae. During April 1982, 1 mo after the kelp forest had been denuded and transformed into a community dominated by crustose coralline algae, the communities were re-sampled using the same techniques as in 1979. As before, five 0.25-iM2 quadrats were airlifted inside and outside Modiolus beds (n = 10 samples). Because the 1979 samples had been collected before severe grazing occurred, it was assumed that differences in species composition between the 1979 and 1982 samples were primarily due to urchin grazing effects. There was no perceptible change between 1979 and 1982 in the species composition of communities in nearby kelp beds that escaped urchin damage (J. Witman, personal observation). After the disturbance event, care was taken to sample in the same month as before (April), to mitigate against the effect of seasonality on species composition. The term "coralline flats" (Ayling 1981) is used here to describe areas where sea urchins have consumed all understory and canopy-forming algae, leaving communities dominated by crustose coralline algae ("urchin-dominated barren grounds" of Lawrence 1975, "Isoyake areas" of Hagen 1983).
Quantitative comparisons of communities before and after urchin disturbance were made by cluster analysis, by rank analysis, and by calculating species diversity indices. For cluster analysis, species density data were entered into the CLUSTAN 2.1 computer program (Wishart 1982 The 8 m species were classified into four functional groups: infauna, epifauna, mobile fauna (see Appendix), and upright algae (Witman 1984) . The interpretation of the effect of severe grazing was facilitated by making comparisons within functional groups before and after urchin disturbance. Upright algae included all foliose, filamentous, corticated, and leathery algae (divisions of Steneck and Watling 1982). Infauna were defined as species living in sediments or cryptic habitats, while mobile fauna were those species that moved freely throughout the mussel aggregation. Epifauna were attached to mussels or rock substrata. specially designed for the photography of 0.25-M2 quadrats. A Nikonos camera with a 15 mm wide-angle lens and two electronic strobes were all mounted on the quadrapod. Marked mussel beds were photographed 3-6 times/yr for 5 yr. Mussels were easily counted from the photographs; individual mussels were identified by specific patterns of crustose coralline algae encrusting the shells and by their position within the bed. No mussels emigrated from the monitored beds, since Modiolus is incapable of breaking byssus threads and crawling away once attached (Stanley 1970) . Each time the beds were photographed (and on many other dives) notes were taken on specific sources of mussel mortality. In conjuction with the photographs, these observations enabled three sources of mortality to be differentiated: (1) dislodgement of mussels following overgrowth by kelp; (2) predation by Asterias vulgaris; and (3) shell-crushing predation by crabs and lobsters. Ten percent of mussel deaths could not be attributed to a specific source of mortality. Two unexplained categories were (1) gaping mussels and (2) disappearance of individual mussels. Mortality rates of Modiolus were calculated from the photographic record.
Monitored mussel beds

RESULTS
Benthic communities
Cluster analysis separated the 80 common species of benthic invertebrates into three major groups (Fig.  2) . The species composition of each of these groups is listed in the Appendix. Two-way analysis of variance indicated that there was a significant effect of both depth and habitat on the distributions of all species in groups A, B, and C (Appendix).
Group A consists of species that were most abundant at 30 m depth outside the mussel beds (Fig. 3F) . In terms of both number of species and number of individuals, group A was dominated by gammarid amphipods. Most of the habitat structure in this community was created by the numerically dominant gammarid Photis macrocoxa, which constructs a matrix of tubes on the rock surface. The most abundant encrusting invertebrates were a demosponge Polymastia infrapilosa, an octocoral Clavularia modesta, and the ascidians Chelyosoma macleayanum and Polycarpafibrosa. The interaction of depth and habitat factors in two-way ANOVA was significant for all but eight species. The results of Student-Newman-Keuls (SNK) tests on densities of these eight species indicated that they were significantly more abundant outside the mussel beds at 30 m (Appendix). Group B contains the most ubiquitously distributed species, which attained maximum densities outside the mussel bed at either 8 or 18 m depth. This is supported by SNK tests on the 14 species without significant interaction terms; all these species were significantly more abundant outside mussel beds (Appendix). Within the group B assemblage of 27 species, polychaetes and amphipods had high species richness (eight and seven species, respectively). The three most abundant species in group B were the amphipods Ischyrocerus anguipes and Pontogenia inermis, and the herbivorous gastropod Lacuna vincta. All three dominants principally inhabited algal assemblages outside the mussel beds at 8 or 18 m (Fig. 3B, D) .
Members of group C were all most abundant within the mussel beds, at either 8, 18, or 30 m depth (Appendix, Fig. 3A , C, E). Consequently, group C was designated the Modiolus community. It was numerically dominated by the ophiuroid Ophiopholis aculeata, which lived between mussels at the base of the aggregation. Other numerically important (>30 individuals per 0.25-M2 sample) taxa inhabiting the base of the mussel bed included the polychaetes Cistenides granulata, Nainereis quadricuspida, Amphitrite cirrata, Amphitrite johnstoni, the ophiuroid Ophiura robusta, and the hiatellid bivalve Hiatella arctica. Strongylocentrotus droebachiensis was abundant in the upper portion of the mussel bed. SNK tests conducted on the 13 species without significant interaction terms indicated that the mean densities of all these taxa were significantly higher inside the mussel beds than on the substratum outside the mussel beds (Appendix). Although all 23 species in group C were most abundant in mussel bed habitats, the majority of these species (18) were also present in other habitats sampled, at low densities. The five species that only occurred inside Modiolus beds were the polychaetes Cistenides granulata, Myxicola infundibulum, and Brada granosa, and the holothuroids Cucumaria frondosa and Chiridota laevis. One-way ANOVA was performed on log(x + 1 )-transformed data to compare mean densities of infaunal invertebrates inside and outside mussel beds. Table 2 shows that there were significantly higher densities of infauna in the mussel beds than on the substratum outside the beds at each of the three depths.
Predation experiments
Two characteristics of Modiolus community structure were: (1) 23 species showed their greatest abundance in the mussel beds and (2) overall densities of infaunal organisms were higher in Modiolus beds than elsewhere. To search for the mechanisms maintaining these patterns of community structure, five predation experiments were carried out.
Hiatella arctica: trial 1.-Predation on Hiatella outside the experimental mussel beds was dramatic (Fig.  4) . Within an hour, three Hiatella outside the beds were consumed by predators. In 29 h, mobile predators had consumed all 32 Hiatella outside the mussel beds, while only two Hiatella were eaten inside the mussel beds.
The predator guild consisted of the crabs Cancer irroratus and Cancer borealis, the lobster Homarus americanus, the neogastropod Buccinum undatum, and the sea star Asterias vulgaris. Most of the exposed Hiatella were eaten by Cancer borealis, which foraged nocturnally, as did Ho. americanus (Fig. 4) . Buccinum undatum, Asterias vulgaris, and C. irroratus fed on Hiatella during the day. Hiatella outside the mussel beds were devastated by nocturnal predation; between 1900 and 0100, 21 exposed individuals were consumed. Ten of these predation events were witnessed during the 0100 dive. At this time, four large C. borealis were seen eating a total of nine Hiatella, and one lobster was observed with a Velcro Hiatella in its crusher claw. The remaining 11 attacks were not witnessed. All that remained on the outside panels were crushed Hiatella shells and 10 Velcro pads from the prey. It is suspected that the crushed shells indicated crab or lobster predation, since rock crabs and lobsters are known to crush bivalve and sea urchin prey (Elner 1980, J. Witman, personal observation), and both Asterias and Buccinum left empty, intact shells still attached to the panels after predation. Asterias was the only predator that penetrated the mussel bed, consuming two Hiatella (Fig.  4) .
Hiatella arctica: trial 2.-Nineteen hours of the second Hiatella trial were monitored by time-lapse photography, to follow the sequence of predation directly. The camera was placed 2.5 m from the center of the experiment to photograph the entire rack at 10-min intervals. Unlike the first trial, which was started in the morning, the second trial was begun at night. This permitted diel variation in the intensity of predation to be evaluated. Fig. 4 shows that, as in trial 1, deaths from predation were greater outside the mussel beds. The camera ran out of film after 19 h and 40 min. Consequently, the survivorship of the remaining prey had to be monitored by diving. Between 1830 and 0600 the last 10 Hiatella outside the mussel beds were eaten. As before, crushed shells were left on the panels, implicating crab or lobster predators. None of the Hiatella inside the mussel beds was consumed during the 32-h experiment; thus, the experimental mussel beds were as effective as the predator exclusion cages in deterring predation (Fig. 4) .
Crabs and lobsters accounted for all the predation directly observed in trial 2. The majority of Velcro Hiatella (10) were eaten by three small lobsters. Cancer borealis was a significant predator, consuming eight of the exposed Hiatella.
Data from the first and second trial were pooled to evaluate diel variation in predation intensity. This analysis was possible because the hours of daylight and darkness were approximately equivalent (30 h day, 29.5 h night). Chi-square analysis indicated that predation mortality was significantly higher at night than during the day (X2 = 28.8, 1 df, P < .005 with Yates' correction for sample size).
Strongylocentrotus droebachiensis trial. ators during the day, consuming six urchins. The feeding behavior of these fish consisted of an initial strike to damage the urchin test and to expose the viscera, which were subsequently picked out. The only lobster attack occurred at midnight when a juvenile lobster was seen moving away from the experimental site with two tethered urchins in its claw.
There was no significant difference between the number of urchins preyed on at night and the number eaten during the day (X2 = 1.5, 1 df, P > .05 with Yates' correction for sample size).
Ophiopholis aculeata: trial 1.-Although crabs and lobsters were present 65 min after the experiment began, no Ophiopholis were attacked until 3 h later, when a small lobster dragged away four tethered ophiuroids from outside the mussel beds (Fig. 6) . Lobsters continued to prey on exposed ophiuroids throughout the night. By 0215, all but two Ophiopholis were consumed by three different lobsters. None of the ophiuroids in the mussel beds was eaten throughout the 10.5-h experiment. Ophiopholis aculeata: trial 2.-A second trial was initiated during the day. In contrast to trial 1, in which lobsters accounted for all nocturnal predation, all of the daytime predation was by winter flounder, Pseudopleuronectes americanus (Fig. 6) . Most of the predation was by a single large flounder (3 5 cm total length) that fed on exposed Ophiopholis for 70 min. Later, a small flounder (20 cm total length) consumed seven ophiuroids. As in the first trial, no ophiuroids in the Modiolus beds were consumed.
The results of the experiment testing for artifacts associated with the method of tethering Ophiopholis are presented in Table 3 . The result was the same for pierced and nonpierced individuals; all ophiuroids were eaten by morning. During the 2330 dive, a Cancer borealis was seen feeding on pierced Ophiopholis and a lobster was observed with four nonpierced ophiuroids in its claw. These results falsify the hypothesis that the intensity of predation is higher on pierced Ophiopholis.
In summary, virtually all the prey organisms placed in the experimental mussel beds escaped predation during the five refuge experiments, clearly supporting the hypothesis that the mussel beds are refuges from predation for the dominant species of the Modiolus community. Table 4 shows diel and seasonal variation in the abundance of major predators in the vicinity of the experimental site at 8 m depth. Common predatory fish included the cunner, Tautogolabrus adspersus, winter flounder Pseudopleuronectes americanus, and pollock, Pollachius virens. Eelpout, Macrozoaraces americanus, were present in low densities and cod, Gadhus morhua, were rare. Eelpout were present during summer and winter. Other fish were seen only in summer transects. During the summer, both cunner and flounder were significantly more abundant during the day than during the night (Table 4) . Pollock showed the opposite trend, and were commonly observed feeding on planktonic organisms at night.
Predator abundance
In contrast, there was no seasonality in the abundance of invertebrate predators. All of the five major predators (Asterias vulgaris, Buccinum undatum, Cancer irroratus, Cancer borealis, and Homarus americanus) were present at the 8 m study site during the winter as well as the summer. All three crustacean predators (C. irroratus, C. borealis, and Ho. americanus) were significantly more abundant at night than in the day (Table 4) . Asterias and Buccinum were present in high densities, and showed no significant diel or seasonal variation in abundance. 
(P) = polychaete, (G) = gastropod, (B) = bivalve, (NU) = nudibranch, (CH) = chiton, (A) = amphipod, (C) = caprellid, (I) = isopod, (D) = decapod, (AS) = asteroid, (E) = echinoid. (0) = ophiuroid.
cata, Idotea phosphorea) in the predisturbance community.
Intensive grazing by Strongylocentrotus caused a major shift in the rank order of dominance; none of the community dominants was ranked the same before and after the perturbation (Table 5A) tube networks were grazed off the substratum by sea urchins. It is suggested that the ability of Po. inermis to occupy pelagic habitats and rapidly recolonize enabled it to escape the benthic-oriented disturbance. As expected, population densities of dominant herbivores were significantly lower after urchin disturbance (L. vincta: F = 66.1, P < .001; Id. phosphorea: F = 9.6, P < .025). Other herbivores that incurred significant density reductions as a result of intensive grazing but were not ranked as dominants in the postdisturbance community were Margarites helicinus (F = 18.7, P < .005) and Idotea balthica (F= 6.1, P < .05). I attributed such reductions in herbivore population densities to the loss of algal food resources and habitats. Dominant species: mussel bed community. -In striking contrast to the outside substratum community, the rank order of dominant species in the Modiolus community was nearly the same before and after urchin disturbance. The rank order of 6 of the top 10 species was not changed by the perturbation (Table 5B) . Ophiopholis aculeata dominated the Modiolus community before and after disturbance. Eight of the species listed as dominants in the predisturbance community remained among the 10 top-ranked species after the disturbance.
Densities of the dominant species were compared before and after disturbances by one-way ANOVA. Pre-and postdisturbance densities were not significantly different for 7 of the 10 top-ranked species (Ophiopholis aculeata: F = 0.87; Na. quadricuspida: Severe grazing caused dramatic changes in both the rank order and abundance of dominant species outside, but not inside, the mussel beds. The species that changed the least were associated with Modiolus beds. These contrasting results indicate that the mussel beds were effective refuges from the destructive effects of grazing for a majority of the dominant species inhabiting them. Species richness. -Fig. 8 indicates that for three of the four functional groups, the effect of urchin disturbance on species richness was the same inside and outside the mussel beds. Comparisons were carried out by one-way ANOVA (1, 8 df) . Intensive grazing caused a significant reduction in the species richness of upright algae, epifauna, and mobile fauna in both habitats (upright algae: F= 190, P < .001, outside; F= 200, P < .001, inside; epifauna: F = 241, P < .001, outside; F = 180, P < .00 1, inside; mobile fauna: F = 13 5, P < .00 1, outside; F= 52.6, P < .001, inside). A major exception to this trend was demonstrated by the infauna. While infaunal species richness was significantly reduced outside the mussel beds (F = 109, P < .00 1), there was no significant difference in the species richness of mussel bed infauna before and after urchin disturbance (F = 0.3, P > .05). This result suggests that the destructive effect of grazing was restricted to the upper portion of the mussel bed. Upright algae and virtually all epifauna attached to the mussel shells were grazed off as the urchin front passed over the surface of the mussel bed. Infauna living at the base of the mussel matrix were not impacted because they were spatially isolated from the disturbance. After urchin disturbance, mean species richness (all functional groups pooled) was significantly higher inside the mussel beds (X = 34.2) than on the substratum outside the beds (X= 24.6; F= 38.4, P < .001). (Fig. 9) . Between-habitat comparisons of mean species diversity and mean evenness before and after disturbance were made by the Wilcoxon two-sample test (Sokal and Rohlf 1969: 392).
1 . Epijfauna. -Prior to disturbance, epifaunal species diversity did not differ inside and outside the mussel beds. This pattern was also evident for mean evenness (Fig. 9) . After urchin disturbance, however, both mean species diversity and mean evenness of epifauna were higher inside the mussel beds. This was due to the elimination of all epifauna attached to rock and to crustose coralline algae outside the mussel beds.
2. Mobile fauna. -There was no significant difference in either mean species diversity or mean evenness of mobile fauna inside and outside Modiolus beds before urchin disturbance. After the disturbance, mean species diversity was significantly higher inside the mussel beds (U = 25, P < .0 1). This was primarily a response to changes in mean evenness, which was significantly higher inside the mussel beds (U = 25, P < .01). The low mean evenness outside the mussel beds was due to the overwhelming dominance of the amphipod Pontogeneja inermis in the postdisturbance coralline flats community (Table SA) .
3. Infauna. -Patterns of infaunal species diversity were reversed by the disturbance event. The mean species diversity of infauna was significantly greater outside the mussel beds prior to disturbance (U = 25, P < .01). Correspondingly, mean evenness was significantly greater in the outside substratum community before it was intensively grazed (U= 25, P < .0 1). Low mean evenness in the Modiolus infauna was due to the dominance of Ophiopholis aculeata. After urchin disturbance, the mean species diversity of infauna was significantly greater inside the mussel beds (U = 26, P < .005). Since mean evenness was not significantly different between habitats, this result is attributed to the significant reduction of infaunal species richness in exposed habitats outside Modiolus beds (Fig. 8) .
In summary, urchin grazing eliminated all upright algae, a majority of the species inhabiting algal habitat structures, and most species of encrusting invertebrates. Local species diversity of invertebrates was significantly lower in the postdisturbance coralline flats community than in the predisturbance kelp bed community. The coralline flats community has low species richness, with a high concentration of dominance among few species; consequently, it has a low value of H' and low evenness.
Resistance and mortality of Modiolus.-The predation experiment and the natural grazing experiment indicated that the Modiolus beds are short-term refuges from biological disturbance. How persistent are these beds in the long term? This question was addressed by monitoring mussel beds for 5 yr.
All of the Modiolus beds persisted for 5 yr. Moreover, net gains from recruitment exceeded deaths of resident mussels in 9 out of the 12 monitored beds (Fig. 10) . Consequently, the majority of the mussel beds increased in size. Three of the monitored beds showed no net change in Modiolus density (one each at 8, 18, and 30 m). An opportunity to evaluate the resistance stability (sensu Connell and Sousa 1983) of the shallow mussel beds occurred when the benthic community at 8 m was impacted by urchin grazing disturbance. Severe urchin grazing represented a disturbance to Modiolus in addition to other sessile species because large Str. droebachiensis can consume mussels (K. Sebens, personal communication). Changes in the mussel beds were documented for 2 yr after the urchin front passed over the monitored beds between December 1981 and February 1982. Fig. 10 shows that the Modiolus beds remained intact after the disturbance. Since a disturbance force was applied and resisted (Type 1 perturbation of Sutherland 1981), the Modiolus populations at 8 m are characterized by a high degree of resistance stability for intense grazing disturbance. Deeper mussel beds were not subjected to a major disturbance during the 5-yr period. Thus, the constancy of the mussel beds at 18 and 30 m depths is a result of the longevity of Modiolus.
As shown in Table 6 , mortality rates of adult Modiolus were low, but were strongly dependent on depth. Overall percent mortality (all mortality sources pooled) was highest at the shallow 8 m site (8 m > 18 m, X2 = 24.5, P < .005; 8 m > 30 m, X2 = 18.2, P < .005; chisquare analysis). For example, the mortality rate at 8 m was 7 times higher than at 18 m, and 4.5 times higher than at 30 m. This was primarily a function of the high frequency of deaths following overgrowth and dislodgement by kelp at 8 m. Kelp-induced dislodgement was the most important source of mortality, ac- Table 6 ). Deaths from shell-crushing predators (crabs and lobsters) were a minor source of mussel mortality and did not vary with depth.
DISCUSSION
The results demonstrate the functional significance of Modiolus beds as spatial refuges from predation and grazing, two types of biological disturbance (sensu Dayton 1971) identified as major determinants of community structure in the New England subtidal zone. The observed distribution and abundance patterns of mussel bed fauna reflect differential survival inside and outside the mussel matrix. Open rocky substrata with little structural complexity represent high-risk habitats where the probability of death from predation is high. Thus, many species escape predation and severe grazing disturbance by occupying structurally complex mussel beds, where they attain population densities significantly higher than those attained in exposed habitats.
As competitive dominants on marine rocky shores, mussels play major roles in community organization (reviewed in Suchanek 1985) . This study demonstrates a new functional role of mussel beds: protection from predation. This role, which is a by-product of mussel bed spatial complexity, has been hypothesized for Mytilus californianus beds (Suchanek 1979 tent with the prediction that habitat structural complexity reduces predation intensity (Huffaker 1958) , thereby increasing species diversity (Menge and Sutherland 1976). Modiolus modiolus is a foundation species (sensu Dayton 1972) in rocky subtidal communities because it provides the structural habitat complexity that serves as a refuge from biotic disturbance for other species. As a large matrix-forming species, Modiolus apparently plays a role similar to that of Mytilus californianus and the tunicate Pyura praeputialis in Chile (Paine and Suchanek 1983). All three species are major space occupiers on rocky substrata, and each is solitary but forms dense, structurally complex habitats that harbor diverse communities.
An alternate hypothesis to the predation refuge effect is that observed patterns of community structure may be explained by differences in sedimentation inside and outside mussel beds. Mussel beds accumulate large amounts of organic and inorganic sediment from the production of feces and pseudofeces by live mussels, and from the deposition of sediment particles (Suchanek 1979, Tsuchiya 1980). The hypothesis has particular relevance for the deposit-feeding members of the Modiolus community: the polychaetes Cistenides granulata, Amphitrite johnstoni, Amphitrite cirrata, Flabelligera affinis, and Brada granosa and the holothuroid Chirodota laevis. High densities of these deposit-feeders might reflect increased availability of food resources in mussel beds. While sedimentation may be an important factor affecting the composition of Modiolus communities, it is very clear from the predation experiments that deposit-feeding polychaetes and holothuroids could not survive high levels of predation outside mussel beds without spatial refuges. Thus, I view sedimentation as a secondary community-structuring factor, but it is really inseparable from the predation refuge effect.
Disturbance and community organization
Two scales of biological disturbance influence community organization in the New England subtidal zone. Predation represents a recurrent, small-scale disturbance that modifies the spatial distribution and abundance of prey. Unlike predator disturbances, which occur frequently and vary in intensity on a diurnal and seasonal basis, biological disturbance by intensively grazing sea urchins is comparatively infrequent, occurs on a large scale, and causes major shifts in community structure. For example, shallow subtidal communities were severely grazed only once in a 5-yr period; however, community-wide reductions in species abundance, diversity, and richness ensued.
Small-scale predator disturbance.-By preying heavily on epibenthos outside mussel beds, the predators Cancer borealis, Cancer irroratus, Homarus americanus, Asterias vulgaris, Buccinum undatum, Tautogolabrus adspersus, and Pseudopleuronectes americanus play an important role in the distribution and abundance of species. Data on the diets of As. vulgaris at the Isles of Shoals (Hulbert 1980 ) and other members of the predator guild at Nahant, Massachusetts (K. Sebens, personal communication) suggest that these seven predators are dietary generalists.
It is clear from field experiments and predator abundance surveys that nocturnal predation by crabs and lobsters has a major effect on the spatial distribution of benthic prey. For example, 66% of the total number of prey available in the predation experiments were consumed at night by Cancer borealis and Homarus americanus (data pooled for all five trials). This result reflects the nocturnal foraging behavior of crustacean predators, as C. borealis, C. irroratus, and Ho. americanus were significantly more abundant at night (Table   4) tified to species. In the present study, amphipods were an extremely important community component, dominating both pre-and postdisturbance communities at the 8 m site. A unique aspect of this study was that the analysis of sea urchin grazing effects on community structure was based on the knowledge of the distribution and abundance patterns of all macrobenthic species in the community. Because species richness and diversity were significantly greater inside mussel beds after the urchin disturbance, Modiolus bed communities represent speciesrich patches set in a species-poor landscape. When viewed on a large spatial scale, the pattern that emerges is a mosaic of high-and low-diversity patches corresponding to the patchy spatial distribution of Modiolus beds in the shallow coralline flats.
Role and effectiveness of spatial refuges
The significance of spatial refuges in natural communities rests in their potential to (1) stabilize predator-prey relationships (Huffaker 1958 There are undoubtedly other, less disturbance-resistant habitat structures in the rocky subtidal zone of New England that serve as spatial refuges from fish and invertebrate consumers for their associated fauna. Vertical rock walls can be a refuge from consumers for encrusting invertebrate assemblages (Sebens 1985). Spatial refuges may be particularly common in kelp beds that have not been subjected to high levels of urchin grazing. Possible refuges include various elements of algal habitat structure such as kelp holdfasts and canopies, understory red algae (Chondrus, Phyllophora, Phycodrys) and Corallina officinalis mats at the 8 m site, tufts of the red alga Ptilota serrata at 18 and 30 m, and the undersurface microhabitats of coralline crusts (Lithothamnium glaciale) at all depths. Although not experimentally demonstrated, the ability of such algal habitat structures at the Isles of Shoals to afford assemblages of amphipods, polychaetes, and gastropods associated with them (Fig. 2, Appendix) protection from predation can be inferred from other studies. For instance, Watanabe (1984) 
